Igneous activity in the rear-arc of the Paleogene Urumieh-Dokhtar Magmatic Belt of Iran has to date been poorly studied. An example of such activity, Late Eocene potassic mafic to intermediate magmatic rocks in the Lahrud area of NW Iran, is the focus of this work. These lavas include olivine-bearing clinopyroxene-phyric basalts, analcime-bearing leucite-clinopyroxene-phyric basalts, andesites, and trachytes, and Paleocene-Early Eocene pyroclastic rocks. Monzo-syenite plugs (dated here at $37 Ma), clinopyroxene-phyric basaltic dikes, and leucite-bearing clinopyroxene-phyric basaltic dikes intrude older lavas and pyroclastic rocks. Olivine-bearing clinopyroxenephyric basalts and analcime-bearing leucite-clinopyroxene-phyric basalts are characterized by large phenocrysts of olivine, clinopyroxene, leucite, and analcime. Clinopyroxene-rich enclaves and partially resorbed mantle xenoliths also occur. Olivine phenocrysts are zoned from high-Mg# cores (Mg# ¼ 90) to Fe-rich rims (Mg# ¼ 66). Clinopyroxene phenocrysts from the olivine-bearing clinopyroxene-phyric basalts, analcime-bearing leucite-clinopyroxene-phyric basalts and clinopyroxene crystals in the enclaves show complex oscillatory zoning, sieve textures, and resorption textures, but with systematic core-rim compositional trends. Their 87 Sr/ 86 Sr isotopic compositions measured in situ range from 0Á7037 to 0Á7068 (mean ¼ 0Á7052 6 0Á0004), suggesting negligible crustal assimilation during fractional crystallization. The Lahrud lavas are potassic and are enriched in light rare earth elements and large ion lithophile elements such as Th, Rb, K and U. High field strength elements (HFSE), such as Nb, are depleted in the olivine-bearing clinopyroxene-phyric basalts and analcime-bearing leucite-clinopyroxene-phyric basalts, but enriched in the trachytes and trachytic ignimbrites. The isotopic compositions vary:
INTRODUCTION
Potassium-rich lavas occur in a variety of tectonic settings including continental convergent margins (Gill et al., 2004) and syn-to post-collisional tectonic settings such as in Anatolia and Tibet (Conticelli et al., 2009b; Luo et al., 2009; Prelevic et al., 2010b; Deng et al., 2012; Conticelli et al., 2013) . The origins of these magmas are controversial. High-K (shoshonitic and ultrapotassic) rocks share similar geochemical signatures, such as strong enrichment in incompatible elements and unradiogenic Nd and Hf coupled with radiogenic Sr and Pb (Conticelli et al., 2009a; Prelevic et al., 2010b; Tommasini et al., 2011; Kirchenbaur et al., 2012) . Contents of incompatible trace elements in these rocks are higher than in the continental crust, suggesting that crustal contamination would have diluted rather than enriched the high-K magmas in trace elements. The extreme geochemical compositions of the potassic magmas is likely to reflect the history of their mantle source region, including metasomatism and variable degrees of partial melting (Prelevic & Foley, 2008) .
Generally, two models have been used to explain the geochemical characteristics of the source regions of potassic magmas (Kirchenbaur et al., 2012) .
(1) Low-degree partial melting of enriched subcontinental mantle lithosphere (Foley, 1992; Turner et al., 1996) . Melts from metasomatized sub-continental mantle will be enriched in incompatible elements, and will show large variations in time-integrated radiogenic isotopes (Kirchenbaur et al., 2012) .
(2) Source enrichment by fluids or melts originating from subducted mafic oceanic crust and overlying sediments (Stolz et al., 1996) ; thus, for example, igneous activity in the rear-arc region above a subduction zone potentially can yield potassic magmas.
The Tethyan magmatic belt is an outstanding natural laboratory for investigating the origin of potassic melts. The Tethyan orogenic belt formed as a result of convergence of the African-Arabian and Eurasian plates, and the collision of several intervening continental blocks, following subduction of the Tethys Ocean beneath Eurasia. The present episode of subduction-related magmatism along the Eurasian margin started in Late Cretaceous times and continued with subduction of the Arabian plate through Paleogene times, followed by collision throughout the Miocene to the Recent (Moritz et al., 2016) .
Jurassic to Cenozoic active-margin magmatism is recorded in Iran (Alborz, Urumieh-Dokhtar, SanandajSirjan), central-eastern Turkey (Taurides-AnatolidesPontides), Georgia-Armenia (Greater Caucasus) and Armenia-Azerbaijan (Lesser Caucasus) (e.g. (Mehdizadeh et al., 2002; Keskin et al., 2008 Keskin et al., , 2012 Chiu et al., 2013; Neill et al., 2013 Neill et al., , 2015 (Supplementary Data Electronic Appendix 1; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org). The Cenozoic magmatic belt is a long-lived magmatic system that has generated spatial and temporal pulses of magmatic rocks with different geochemical signatures. This belt also hosts abundant Cenozoic precious-and basemetal epithermal deposits and porphyry Cu-Mo deposits (Moritz et al., 2016) . The Paleogene magmatic front lay along the SE margin of the Urumieh-Dokhtar Magmatic Belt, $200 km from the oceanic trench (the Zagros Suture Zone ¼ Zagros Main Thrust).
The link between Cenozoic magmatic pulses in the NW Iran-eastern Turkey-Caucasus region and Tethys subduction, delamination, collision and/or slab breakoff is still not well understood. The problem is particularly acute for lavas erupted in the rear-arc region. Although the Miocene and younger (<20-15 Ma) magmatism in Iran is often considered to be post-collisional, the Arabian and Eurasian plates are still converging at 20 mm a -1 . An important magmatic pulse along this belt is represented by abundant mid-to Late Eocene shoshonitic and ultrapotassic magmatic rocks in NW Iran and NE Turkey (Aghazadeh et al., 2010 (Aghazadeh et al., , 2011 Castro et al., 2013; Pang et al., 2013; Moghadam et al., 2014) . These magmas were emplaced in both subduction-related and syn-collisional tectonic settings related to the closing of the Caucasus-TurkishIranian realm of the Neotethys Ocean. There are few geochemical or isotopic data for these magmatic rocks. This study focuses on Late Eocene potassic rocks from NW Iran using zircon U-Pb geochronology, mineral chemistry, petrology and Sr-Nd-Pb-Hf isotope compositions of whole-rocks, and has two major aims. First, we want to understand the nature and evolution of subduction-related potassic magmas in NW Iran. These new geochemical data are used to understand what triggered the Eocene potassic magmatism in the study area and link this to Eocene tectonic events in SW Eurasia. Our second aim is to improve our understanding of how the geochemical signatures of the magmatic rocks in NW Iran are influenced by their geodynamic setting.
GEOLOGICAL BACKGROUND
The northward migration of the Afro-Arabian plate in Mesozoic to Early Miocene times was caused by subduction of the last remnants of Neotethys beneath SW Eurasia (Iran, Turkey and Georgia-ArmeniaAzerbaijan), resulting in collision between the Eurasian and Arabian plates. The Cenozoic convergence of these plates produced a magmatic climax in EoceneOligocene times. The timing of this collision along the Caucasus-Bitlis-Zagros suture zone is debated; interpretations vary from Late Cretaceous (Berberian & King, 1981; Mohajjel et al., 2003) to Late Eocene-Early Oligocene (McQuarrie et al., 2003) or to Miocene (Ballato et al., 2011; Verdel et al., 2011) . A major exhumation episode in central Iran occurred at $25-17 Ma, based on (U-Th/He) and fission-track dating of apatite (Francois et al., 2014) . Accordingly, the initiation of collision between Iran and Arabia has been suggested as Late Eocene-Oligocene (30 6 5 Ma), which is consistent with extension, core-complex formation and rapid exhumation of the Iranian plateau at this time (McQuarrie & van Hinsbergen, 2013) . Moreover, the occurrence of $11 Ma syn-collisional ultrapotassic rocks and vestiges of $25 Ma diatexites in NW Iran show the effects of collision on magmatism in Late Oligocene-Miocene times (Pang et al., 2013; Moghadam et al., 2014 Moghadam et al., , 2016a .
Northwestern Iran (the Iranian Azerbaijan magmatic belt; see Fig. 1a and b), Armenia and NE Anatolia consist of a tectonically uplifted plateau in the rear-arc region north of the converging Arabian plate. Cenozoic magmatic rocks occur extensively in these regions (Supplementary Data Electronic Appendix 1). The temporal and spatial distribution of these igneous rocks shows pulses of magma generation with distinct geochemical signatures mainly in Eocene-Oligocene, Miocene and Plio-Quaternary times. Miocene to Plio-Quaternary mantle-derived lavas, with or without subduction fingerprints, are common in NE Turkey, NW Iran and Armenia (Aldanmaz, 2006; Kheirkhah et al., 2009; Neill et al., 2015) . Late Miocene magmatic rocks with adakitic and ultrapotassic characteristics are found along the Urumieh-Dokhtar magmatic belt and occur also in NW Iran, including the PlioQuaternary adakitic Sabalan volcanism and Late Miocene ($11 Ma) Saray ultrapotassic rocks (Chiu et al., 2013; Moghadam et al., 2014) (Supplementary Data Electronic Appendix 1).
The Lesser Caucasus-Iranian Azerbaijan magmatic belt lies in the back-arc region of the Cenozoic Iranian Urumieh-Dokhtar and Alborz magmatic belts. This belt also continues into the Greater Caucasus to the north and to the Anatolian Pontides to the west. Some researchers have linked the Alborz (and Iranian Azerbaijan-Lesser Caucasus) and the Urumieh-Dokhtar magmatic belts to a single Neotethyan subduction zone, with the former being the back-arc and the latter the main volcanic arc (Verdel et al., 2011) . In contrast, Aghazadeh et al. (2011) have attributed the UrumiehDokhtar and Alborz-Iranian Azerbaijan arcs to two separate but parallel subduction zones, located on either side of the NW-striking Tabriz (-Soltanieh) fault (Fig. 1b) . According to this scenario, the UrumiehDokhtar magmatic belt (UDMB) is the product of Neotethys subduction, whereas the Alborz-Iranian Azerbaijan magmatic belt (AAMB) is linked to eastward subduction beneath NW Iran, of which the Khoy ophiolite in northwestern Iran may be an oceanic remnant ( Fig. 1a and b) . We do not see compelling evidence for this interpretation and prefer the simplest interpretation, namely that all the Cenozoic igneous rocks in this region formed over a single north-dipping subduction zone. The AAMB includes metamorphic basement rocks exposed in the Lahijan region, NW and SW of Khoy, north of Tabriz and NNW of Zanjan. The age of the basement rocks is Late Neoproterozoic-Early Cambrian with Archean inheritance, which is similar to the Cimmerian basement rocks of central Iran . The Cimmerian blocks (Turkey, Iran, Western SW Asia and Tibet) consolidated during the Jurassic Cimmerian Orogeny , after the docking of these blocks with Eurasia and the resultant closure of the Paleotethys Ocean between them.
Although there is consensus on a northward subduction model for the geodynamic evolution of the BitlisZagros Suture Zone and the UDMB, subduction beneath the Alborz-Iranian Azerbaijan (-Lesser Caucasus) magmatic arc in NW Iran is still controversial owing to a lack of systematic geological and geochemical data. The most popular idea is that the Paleogene magmatic arc was caused by the northeastward subduction of Neotethyan oceanic lithosphere below Cimmeria, both in the front-arc (SE parts of the UDMB) and far afield, in the rear-arc of NW Iran ($400 km from the Zagros Suture Zone or the ancient trench line). We use the term rear-arc (versus back-arc) magmatism in this study to discriminate between arc-related (Paleogene) magmatism, which occurred behind the Castro et al. (2013) and Shafaii Moghadam et al. (2017b) . The thick dashed line (from 37,45 to $39,45) shows the Iranian Azerbaijan magmatic belt.
major arc (UDMB), and a series of ophiolitic remnants, caused by back-arc spreading during late Cretaceous times.
Seismological surveys in NW Iran suggest the presence of low-velocity zones in the upper mantle, leading to the inference that Late Cenozoic igneous activity was caused by upwelling hot asthenosphere (Lü & Chen, 2017) . This mantle input probably was a main trigger for the ultrapotassic and shoshonitic 'flare-up' in NW Iran, but the nature and role of the mantle sources are still enigmatic.
REGIONAL GEOLOGY
The Iranian Azerbaijan magmatic belt is 150-200 km wide and >400 km long and is surrounded to the north by the Aras fault, to the WSW by the Tabriz fault, and to the east by the Astara fault (Castro et al., 2013) (Fig. 1 ). It contains a thick pile (>3-4 km) of Paleocene-Eocene pyroclastic and mafic to intermediate volcanic rocks with calc-alkaline, alkaline and potassic signatures. Felsic rocks including rhyolites and ignimbrites are subordinate. Zircon U-Pb and biotite 40 Ar-39 Ar data from pyroclastic rocks of the Eocene Karaj Formation of the central Alborz (north of Tehran) yield ages of 49Á3 6 2Á9 to 36Á0 6 0Á2 Ma (Ballato et al., 2011; Verdel et al., 2011) . Aghazadeh et al. (2011) reported two groups of zircon U-Pb ages: Early Oligocene (30Á8 6 2Á1 Ma) calc-alkaline granodiorites and Oligocene (23Á3 6 0Á5 and 25Á1 6 0Á9 Ma) shoshonitic gabbros and monzo-granites (Fig. 1b) . Eocene (38Á4 6 0Á11 Ma) to Oligocene (26Á3 6 0Á23 Ma) calc-alkaline granites also occur north of Zanjan (Shafaii Moghadam et al., 2017b) (Fig. 1) .
A thick sequence of volcanic rocks north of Ardabil includes Paleocene pyroclastic rocks, microconglomerates and volcanic sandstones, grading upwards into early Eocene pyroclastic rocks (Figs 2 and 3a) and then into middle-late Eocene maficintermediate volcanic rocks. Intercalated basalts, andesites and pyroclastic rocks suggest stratovolcano-type eruptions, much of which were above sea level. There is no evidence for marine sediments in this sequence. Basalts and andesites are mostly pyroxene (6olivine) porphyries, and show columnar jointing (Fig. 3b) . Andesites are characterized by large phenocrysts of sanidine and plagioclase in a fine-grained groundmass. A thick pile (>1000 m) of ignimbrites ( Fig. 3c) with eutaxitic textures and oriented sanidine crystals is present, and leucite-and analcime-bearing basaltic rocks are abundant north of Moshiran village (Fig. 2) . These lavas are interbedded with pyroxene-phyric basalts, which occur as thick and massive lavas, dikes, sills, and small plugs. Coarse-to fine-grained phenocrysts of analcime (<1 to >3 cm), leucite, and pyroxene are the main constituents of these rocks (Fig. 3d) . Feldspathoidbearing basaltic lavas with pillow-like structures are also common, showing eruption in shallow water. Two types of basaltic dike-and-sill swarms were injected into the pyroclastic rocks: (1) pyroxene porphyritic; (2) leucite þ analcime-bearing. Volcanic breccias and agglomerates contain fragments of pyroxene-phyric basalts and sanidine-bearing andesites, cemented by green, tuffaceous materials. These pyroclastic rocks are overlain by columnar jointed porphyritic basalts, which in most cases contain pyroxene-rich enclaves (autoliths) ( Fig. 3e and f) . Pyroclastic rocks and basaltic to andesitic lavas are occasionally intruded by small sub-volcanic plugs of feldspar-porphyry (monzo-syenite). The final magmatic stage, north of Ardabil, seems to comprise early Oligocene (30Á8 6 2Á1 Ma) calc-alkaline granodiorites and late Oligocene (23Á3 6 0Á5 and 25Á1 6 0Á9 Ma) shoshonitic gabbros and monzo-granites associated with nepheline syenites (Aghazadeh et al., 2011) . We have analyzed samples from Middle-Late Eocene mafic to intermediate olivine-bearing pyroxene-phyric volcanic rocks, ignimbrites, analcime-bearing leucite-phyric basalts, monzo-syenites, dikes and enclaves (Fig. 2) .
ANALYTICAL PROCEDURES
We used five main analytical procedures to study the Lahrud magmatic rocks: (1) JEOL wavelength-dispersive electron probe X-ray micro-analyzer (JXA 8800R) to determine the composition of minerals; (2) X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) to determine whole-rock contents of major and trace elements; (3) cathodoluminescence (CL) imaging of zircons; (4) laser ablation (LA)-ICP-MS to determine zircon U-Pb ages and to analyze the trace element compositions of clinopyroxene phenocrysts; (5) a multi-collector (MC)-ICP-MS system equipped with LA for in situ analysis of the Sr isotopic composition of clinopyroxenes. The Sr-NdHf-Pb whole-rock isotope composition of the samples was further analyzed using a MC-ICP-MS. We studied $120 samples for petrography, 12 polished thin sections for electron microprobe analysis, 35 samples for whole-rock major and trace element compositions, two samples for LA-ICP-MS U-Pb zircon ages, 11 samples for whole-rock Sr, Nd, Pb and Hf isotopes, six samples for in situ trace elements and four samples for in situ Sr isotope analyses on clinopyroxene. The Sr, Nd, Hf, and Pb isotopic compositions discussed below are corrected for 40 Ma of radiogenic ingrowth. The details of each technique are given in the Appendix.
SAMPLE DESCRIPTIONS
Petrographically, the Lahrud magmatic rocks are divided into olivine-bearing clinopyroxene-phyric basalts, clinopyroxene-phyric basalts, analcime-bearing clinopyroxene-leucite-phyric basalts, sanidine (6 plagioclase) andesites (and trachytes), sanidinephyric trachytes (ignimbrites), monzo-syenites and clinopyroxene-rich enclaves (Table 1) .
Olivine-bearing clinopyroxene-phyric basalts
These rocks occur both as lava flows and dikes. Large (4-5 mm) crystals of olivine (altered to serpentine, chlorite and iron oxides), clinopyroxene (3 to >6 mm) and even sanidine (Supplementary Data Electronic Appendix 5a) are set in a groundmass of clinopyroxene microphenocrysts and plagioclase and fine-grained crystals of sanidine (Supplementary Data Electronic Appendix 5a). Most basalts are clinopyroxene (6 olivine)-phyric and plagioclase and sanidine (6 rare leucite or analcime) occur in the groundmass. Clinopyroxenes are highly pleochroic (deep to pale green) and in most cases, contain mineral inclusions. They are compositionally zoned and show sieve texture (Supplementary Data Electronic Appendix 5b), mostly along their margin. Some basalts contain rare aggregates of olivine (6 Cr-spinel) þ clinopyroxene, which resemble 'resorbed' peridotitic xenoliths.
Porphyritic andesites or trachytes
Andesites are porphyritic or aphyric and contain large feldspar phenocrysts. Plagioclase, sanidine and rare clinopyroxene show glomeroporphyritic texture in some andesites (Supplementary Data Electronic Appendix 5e). They also contain abundant sanidine microlites or even large (>8 mm) sanidine crystals (Supplementary Data Electronic Appendix 5f and g). Rare, small clinopyroxenes are compositionally zoned in most andesites. Plagioclase appears as inclusions in some sanidine grains (Supplementary Data Electronic Appendix 5g). Plagioclase shows alteration to clay minerals and sericite, whereas sanidine is altered to calcite (Supplementary Data Electronic Appendix 5f). The groundmass of most andesites has a glassy texture and is altered to palagonite and chlorite. Apatite, phlogopite and amphibole (Supplementary Data Electronic Appendix 5e) are minor components. Trachytes have large (>8 mm) sanidine crystals with a groundmass including elongated sanidine microlites and glass. Plagioclase is rare and occurs both as phenocrysts and/or microlites within the groundmass, whereas amphibole (6phlogopite) is found as small crystals (<1 mm) between the sanidine microlites. Apatite occurs as elongated needles.
Monzo-syenites
These rocks occur as plugs and are characterized by a porphyritic texture. They include large (>5 mm) tabular phenocrysts of plagioclase and K-feldspar in a 
Trachytic ignimbrites
Ignimbrites have eutaxitic textures and contain quartz, sanidine and minor biotite and plagioclase in a glassy 
Á7
Cpx-basalt Basaltic trachyandesite 40, 20; E47, 43, 13 Lava flow Ol
Basaltic trachyandesite 44, 20; E47, 45, 06 Lava flow Cpx
Á6
Cpx-basalt Basaltic trachyandesite 48, 12; E47, 51, 27 Sill
Trachy-basalt LR12-22 N38,47,29; E47,51,11 Dike
Trachy-basalt 47, 29; E47, 48, 29 Dike
Trachy-basalt/tephrite 46, 32; E47, 47, 47 Dike
Trachy-basalt/tephrite LR12-31 N38,45,50; E47,48,01 Lava flow Ol
Trachy-basalt/tephrite 57, 22; E47, 57, 55 Plug
Á5
Cpx-basalt Basaltic trachyandesite 36, 29; E47, 40, 38 Lava flow Cpx
Trachy-basalt/tephrite 36, 29; E47, 40, 38 Lava flow Cpx -42 N38,36,29; E47,40,38 Lava flow Cpx
Cpx-basalt Trachy-basalt0 tephrite LR12-58 N38,51,15; E47,47,13 Lava flow Cpx
Trachy-basalt LR12-59 N38,37,29; E47,39,33 Lava flow Cpx
Trachy-basalt LR12-62 N38,37,29; E47,39,33 Lava flow Cpx
Trachy-basalt LR12-63 N38,37,29; E47,39,33 Lava flow Cpx -67 N38,43,47; E47,42,12 Lava flow Cpx
Trachy-basalt 43, 47; E47, 42, 12 Lava flow Cpx 
Phono-tephrite 45, 40; E47, 48, 18 Dike
Phono-tephrite LR12-50 N38,41,02; E47,33,13 Lava flow Cpx
Phono-tephrite LR12-53 N38,41,39; E47,33,07 Lava flow Cpx
Phono-tephrite LR12-56 N38,41,31; E47,33,14 Lava flow Cpx 
Trachy-basalt/tephrite LR12-65H N38,51,15; E47,47,13 Lava flow Cpx
Trachy-basalt/tephrite LR12-3 N38, 40,20; E47,43,13 Lava flow Sa
Sa-trachyte Trachyte LR12-6 N38, 40,20; E47,43,13 Lava flow Sa 
Trachy-andesite LR12-46 N38,37,41; E47,38,51 Lava flow
Á7

Aphyric andesite
Trachy-andesite LR12-44 N38,37,29; E47,39,33 Ignimbrite Sa -45 N38,37,29; E47,39,33 Ignimbrite Sa
Ol, olivine; Cpx, clinopyroxene; Plag, plagioclase; Sa, sanidine; G, glass; Fe-Ti, Fe-Ti oxides; Am, amphibole; Lc, leucite; Ap, apatite; Anal, analcime; Phl, phlogopite; Bt, biotite; Q, quartz; Cpx-basalt, clinopyroxene-phyric basalt; Cpx; anal-basalt, clinopyroxene-analcime-phyric basalt; Sa-trachyte; sanidine-phyric trachyte; K groundmass. There are no mafic minerals in these rocks except biotite. Apatite occurs occasionally. 
Analcime-bearing leucite, clinopyroxene-phyric basalts
Enclaves
Clinopyroxene-rich enclaves contain >90 vol. % clinopyroxene and may be the early products (autholiths) of crystal fractionation from a basaltic melt. Enclave clinopyroxenes show compositional zonation. There is no evidence for plagioclase crystallization in these rocks. Fe-Ti oxides (titanomagnetite and rare ilmenite) are other major components of these enclaves.
ZIRCON U-PB GEOCHRONOLOGY
Stratigraphically, the Lahrud potassic lavas rest on early Eocene ($50 Ma) pyroclastic rocks and also occur as dikes, sills or plugs within the pyroclastic rocks. These rocks are cross-cut by younger, Early Oligocene (30Á8 6 2Á1 Ma) to Early Miocene (23Á3 6 0Á5 and 25Á1 6 0Á9 Ma) intrusions (Aghazadeh et al., 2011) , indicating that the potassic rocks should have ages of middle to late Eocene. The Lahrud mafic potassic rocks lack zircon, amphibole or biotite suitable for mineral geochronology. Zircons were only found in three rocks, including one trachytic ignimbrite (sample LR12-45) and two (monzo-) syenites (samples LR12-8 and LR12-9), which were used for zircon U-Pb geochronology. The trachytic ignimbrite sample contained only four zircon grains; two of them yield 206 Pb/ 238 U ages of 38Á5 (6 0Á3) and 40 (6 0Á3) Ma and the other two have inherited 206 Pb/ 238 U ages of 164Á9 and 167Á1 Ma ( Table 2 ). The zircon U-Pb ages of the two (monzo-) syenites are discussed below in more detail.
Monzo-syenite LR12-8
Zircons from this sample are long-prismatic and euhedral. They range in length from 100 to 12 lm. In CL images, they show oscillatory zoning, consistent with a magmatic origin (Fig. 4a) Monzo-syenite LR12-9
Zircons from this sample are short-prismatic and are 70-80 lm long. In CL images, they show oscillatory zoning (Fig. 4b) 
MAJOR ELEMENT COMPOSITIONS OF MINERALS Olivine
Olivine in olivine-bearing, clinopyroxene-phyric basalts (samples LR12-1 and LR12-41) has forsterite contents ranging from 90 to 66 (Supplementary Data Electronic Appendix 2a), and NiO contents of 0Á05-0Á2 wt %. Nearly all olivines have high CaO contents, > $0Á17 wt % (Supplementary Data Electronic Appendix 2a). In sample LR12-1, coarse-grained olivines (Fig. 5a ) have higher forsterite contents (>70%) and show slight zoning to lower-Mg# rims, and olivine microphenocrysts are less magnesian still (Mg# ¼ 66). Sample LR12-41 is also characterized by high-Mg# cores (Mg# 90-84) and rims with low Mg# (75-69). Olivine from xenolith-like aggregates has mantle-like Mg# (90-92) and NiO (0Á29-0Á41 wt %), and lower CaO contents (0Á07-0Á09 wt %) ( Fig. 6a and b) .
Clinopyroxene
The compositions of clinopyroxenes from olivinebearing clinopyroxene-phyric basalts, analcime-bearing leucite, clinopyroxene-phyric basalts and enclaves are in the range of diopside, but some plot near the augite (salite) field (Fig. 6c) (Fig. 6e and f) . Clinopyroxenes both A striking feature is the lack of any compositional differences among clinopyroxenes of olivine-bearing clinopyroxene-phyric basalts, analcime-bearing leucite, clinopyroxene-phyric basalts and those from enclaves. There are intra-crystalline compositional variations in individual clinopyroxene crystals, with a systematic compositional trend from rim to core; for example, clinopyroxene rims show higher TiO 2 , FeO and Al 2 O 3 ( Fig. 6e and f) . Some clinopyroxenes from samples LR12-10 (analcime-bearing leucite-clinopyroxene-phyric basalts) and LR12-13 (olivine-bearing clinopyroxenephyric basalts) show lower Mg# (54-64).
Feldspar
K-feldspars from olivine-bearing clinopyroxene-phyric basalts and analcime-bearing leucite-clinopyroxenephyric basalts are sanidine with the orthoclase endmember ranging from 30 to 93% (Supplementary Data Electronic Appendix 2c). The composition of plagioclase in the Lahrud potassic rocks varies from 2 to 89% anorthite (Fig. 6d ). There are no systematic compositional changes between cores and rims of feldspars from the Lahrud potassic rocks.
Amphibole
Amphibole is present in (monzo-) syenites. Its Mg# varies between 56 and 75, whereas the number of Si cations changes from 5Á8 to 6Á2 (Supplementary Data Electronic Appendix 2d); this is a pargasitic composition. TiO 2 contents are usually high, in the range of 1Á3-2Á6 wt %.
Leucite and analcime
Leucite is usually present as microphenocrysts in the groundmass of analcime-bearing leuciteclinopyroxene-phyric basalts and is mostly pseudomorphosed by analcime (Fig. 5e ). Analcime is coarsegrained and idiomorphic in shape. The analcime crystals are rich in feldspar inclusions toward the rims ( Fig. 5f ), testifying to growth of analcime after the crystallization of the rocks, at the expense of early formed leucite. Analcime has high Na 2 O and Al 2 O 3 contents, 5Á9-11Á2 and 21Á3-25Á2 wt %, respectively (Supplementary Data Electronic Appendix 2e).
CLINOPYROXENE: TRACE ELEMENTS AND STRONTIUM ISOTOPES
Complex compositional variations in clinopyroxenes are expressed in terms of concentrations of rare earth elements (REE) and other trace elements ( Fig. 7 ; Supplementary Data Electronic Appendices 3 and 7), and by Sr isotope compositions ( Fig. 8 and Supplementary Data Electronic Appendix 4), both analyzed in situ. Individual crystals of Lahrud clinopyroxene show a range of zoning patterns in major elements. Clinopyroxenes from all Lahrud igneous rocks have very low Na/Ca ratios (e.g. 0Á009-0Á13 for olivinebearing, clinopyroxene-phyric basalts; 0Á02-0Á08 for analcime-bearing, leucite-clinopyroxene-phyric basalts and 0Á02-0Á04 for clinopyroxene-rich enclaves) and this ratio increases towards the rim in each grain (Supplementary Data Electronic Appendix 3). There are also intra-crystalline variations in trace elements between core and rim in individual clinopyroxene crystals. These rim-core trace element variations can be observed in plots of Zr or Nb vs Mg# ( Fig. 7a and b) .
However, the clinopyroxenes from olivine-bearing clinopyroxene-phyric basalts, analcime-bearing leuciteclinopyroxene-phyric basalts and clinopyroxene-rich enclaves show no consistent differences in trace elements. Some fractionated clinopyroxenes (regardless of the analytical position; i.e. rim, core or intermediate) with low Mg# (<64%), show low concentrations of Sr -56) . (e) Leucite replaced by analcime, and large crystals of clinopyroxene in an analcimebearing, leucite-clinopyroxene-phyric basalt (sample LR12-10). Clinopyroxene shows sieve texture in the core, which is mantled by a thick, zoned rim. (Morimoto, 1988) . (d) Triangular plot for classification of the Lahrud feldspars (Deer et al., 1992) . (e, f) Variation of TiO 2 and Al 2 O 3 vs Mg# in Lahrud clinopyroxenes. and low La/Yb ratios ( Fig. 7c and d ), but high V contents (Fig. 7e) .
In chondrite-and normal mid-ocean ridge basalt (N-MORB)-normalized (Sun & McDonough, 1989 ) diagrams, both high-and low-Mg# clinopyroxenes from olivine-bearing clinopyroxene-phyric basalts, analcimebearing leucite-clinopyroxene-phyric basalts and enclaves, regardless of zoning, display similar trace element patterns (Supplementary Data Electronic Appendix 7). The REE patterns of these clinopyroxenes are parallel, with average chondrite-normalized La/Yb of 4Á1 (maximum 8Á1; minimum 1Á5) and Dy/Yb ¼ 1Á7 (maximum 2Á5; minimum 1Á3) (Supplementary Data Electronic Appendix 3). They have highly variable Sr/Y, ranging from $1Á6 to 27. Clinopyroxenes from sample LR12-1 (olivine-bearing clinopyroxene-phyric basalt) show the lowest values, whereas samples LR12-27 (leucite-clinopyroxene-phyric basalt) and LR12-59 (clinopyroxene-phyric basalt) show the highest Sr/Y.
For the large ion lithophile elements (LILE), strong negative anomalies are observed for Rb, Ba and Pb towards the clinopyroxene cores, but most core-rim and rim analytical spots show positive anomalies in LILE.
The Lahrud clinopyroxenes also are depleted in high field strength elements (HFSE) such as Zr, Ti and Nb (Supplementary Data Electronic Appendix 7), whereas Th displays positive anomalies. Transition elements such as V are generally enriched, especially in the more fractionated clinopyroxenes. Their N-MORB-normalized Th/La and Nb/La ratios range from 0Á36 to 2Á1 and $0Á01 to 0Á06 respectively.
The in situ 87 Sr/ 86 Sr values of the Lahrud clinopyroxenes vary from 0Á7037 to 0Á7068 (mean 0Á7052 6 0Á0004, Fig. 8 Zindler & Hart, 1986) . They are identical to those from Eastern Lhasa ultrapotassic rocks ( Fig. 8) , which have been interpreted as melts from a juvenile mantle source accreted beneath the Lhasa block during collision between India and Eurasia (Xu et al., 2017) . There are no systematic relationships of Ba, Sr, Th or La/Yb with 87 Sr/ 86 Sr ( Fig. 8a-d ).
BULK-ROCK MAJOR AND TRACE ELEMENT GEOCHEMISTRY
Representative bulk-rock major and trace element analyses of 16 basaltic rocks (olivine-bearing clinopyroxene-phyric basalts), three clinopyroxenephyric basaltic dikes within the pyroclastic rocks, six analcime-bearing leucite-clinopyroxene-phyric basalts, four clinopyroxene-rich enclaves and their hosts (clinopyroxene-phyric basalts), three andesites, one trachyte and two trachytic ignimbrites are presented in Tables 3  and 4 . The loss on ignition (LOI) values of the analyzed samples vary from 0Á2 to 5Á5 wt % (Table 3) . Trachytic ignimbrites and enclaves show the lowest LOI; analcime-bearing leucite-clinopyroxene-phyric basalts show higher values related to the alteration of the glassy groundmass, alteration of leucite and the occurrence of analcime. Olivine-bearing clinopyroxene-phyric basalts show LOI values from 1Á2 to $3 wt%. Plots (not shown) of mobile elements such as Ba and Sr vs LOI show that these elements show no change with increasing LOI. Potassium-rich rocks span a wide range of petrological and geochemical types, from shoshonitic to transitional (high-K calc-alkaline) and from undersaturated to oversaturated in silica. Generally, these rocks are classified as potassic rocks if they have K 2 O >2 wt % and K 2 O/Na 2 O ¼ 1-2Á5 at MgO > 3-4 wt % and SiO 2 <55-57 wt %, and ultrapotassic rocks if they have K 2 O > 3 wt % and K 2 O/Na 2 O > 2Á5-3 at MgO > 3-4 wt % and SiO 2 cpx-basalt, clinopyroxene (6 olivine)-phyric basalts; bas. Dike, clinopyroxene-phyric basaltic dike; lc-basalt, leucite (6 analcime), clinopyroxene-phyric basalts; host-bas., clinopyroxene-phyric basalts host of enclaves. cpx-basalt, clinopyroxene (6 olivine)-phyric basalts; bas. dike, clinopyroxene-phyric basaltic dike; lc-basalt, leucite (6 analcime), clinopyroxene-phyric basalts; host-bas., clinopyroxene-phyric basalts host of enclaves.
<55-57 wt % (Morrison, 1980 Peccerillo & Taylor, 1975) . These rocks are associated with calc-alkaline rocks along active plate margins, and plot in the fields of trachybasalt, basaltic trachyandesite, trachyandesite to trachyte in the Na 2 O þ K 2 O vs SiO 2 (total alkalis-silica; TAS) diagram (Morrison, 1980) . Olivine-bearing clinopyroxene-phyric basalts have a rather narrow range of SiO 2 and MgO, varying from 46 to 50Á7 wt % and 3Á1 to 11Á1 wt% (Table 3) , respectively. In the TAS diagram (Le Bas et al., 1986) , these are trachybasalt and basaltic trachyandesite in composition (Fig. 9a) . Basaltic rocks that have leucite in their groundmass tend to plot in the fields of tephrite and phonotephrite. Two samples (LR12-7 and LR12-41; olivinebearing clinopyroxene-phyric basalts) plot in the basalt domain. Olivine-bearing clinopyroxene-phyric basalts have primitive to fractionated compositions with Mg# ranging from $67 to 39, with high Al 2 O 3 (11Á6-19Á3 wt %) and CaO (7Á5-12Á3 wt %). Their K 2 O contents vary between $1 and 5 wt %, and they display high-K calc- alkaline to shoshonitic affinity in the K 2 O vs SiO 2 plot (Fig. 9b) .
Analcime-bearing leucite-clinopyroxene-phyric basalts contain more SiO 2 (49Á8-51 wt %), Al 2 O 3 (16Á2-19Á7 wt %) and K 2 O (1Á7-6Á2 wt %) but low MgO (1Á5-3Á5 wt %) compared with the olivine-bearing clinopyroxenephyric basalts. In the TAS diagram, these rocks plot in the fields of phono-tephrite and tephri-phonolite (Fig. 9a) . These rocks have shoshonitic to ultrapotassic signatures, except for sample LR12-56, which is rich in analcime (with rare leucite) (Fig. 9b) .
Andesites, trachytes and trachytic ignimbrites contain more SiO 2 , ranging from 55 to 65 wt % and 60 wt %, respectively, whereas enclaves contain less SiO 2 (44Á6 wt %; Table 3 ). Andesites, trachytes and trachytic ignimbrites have low and variable Mg# (16Á7-42Á2), but high K 2 O (3Á4-6Á9 wt %). Although the Lahrud igneous rocks display wide geochemical variations in Harker diagrams (Fig. 10) , there are fractionation-controlled differentiation trends for some elements, such as increasing TiO 2 , Al 2 O 3 , Y and Zr with increasing SiO 2 , whereas V decreases with rising SiO 2 . The Sr/Y of the Lahrud volcanic rocks is variable (0Á83-89Á9), but they have high contents of Y (14Á8-33Á5 ppm).
Enclaves show the lowest Sr/Y whereas olivinebearing clinopyroxene-phyric basalts and analcimebearing leucite-clinopyroxene-phyric basalts have higher Sr/Y. In plots of Sr/Y vs Y and La/Yb vs Yb ( Fig. 11a and b) , the Lahrud potassic rocks have arc signatures and resemble the shoshonites of the UDMB and the Pontides.
The Oligocene-Miocene (39-23 Ma) shoshonitic and calc-alkaline intrusive rocks from NW Iran (Fig. 1) differ significantly from the Lahrud potassic rocks in having higher La/Yb and both higher and lower Y contents ( Fig. 11a and b) et al., 2013). Furthermore, shoshonitic plutonic rocks from NW Iran even show adakitic signatures, which have been interpreted as signatures 'retained' from the source region (Castro et al., 2013) . The Lahrud potassic rocks also display high Th/Yb (>1Á1) and Ba/Yb (>21) (Fig. 11c and d) . Again, the plutonic rocks of NW Iran have higher Nb/Yb and Ta/Yb. Olivine-bearing clinopyroxene-phyric basalts and analcime-bearing leucite-clinopyroxene-phyric basalts are characterized by fractionated REE patterns, with La (n) /Yb (n) ¼ 6Á7-19Á7 (Fig. 12) . Nevertheless, the Lahrud volcanic rocks are not adakites (Fig. 11b) . One sample (LR12-3, ignimbrite) shows Eu depletion. All samples show significant enrichment in LILE such as Th, Rb, K and U, but show depletion (e.g. olivine-bearing clinopyroxene-phyric basalts and analcime-bearing leucite-clinopyroxenephyric basalts) or enrichment (e.g. trachytes and trachytic ignimbrites) in HFSE such as Nb relative to the LREE (N-MORB-normalized Th/La ¼ 1Á7-21Á7 and Nb/ La ¼ 0Á1-3Á4). Sr than Miocene ultrapotassic rocks from NW Iran and Lhasa (Fig. 13a) and are similar to other ultrapotassic rocks of the Mediterranean region. The Lahrud samples have uniform and high eHf(t) values of þ7Á2 to þ7Á7, except for two samples with eHf(t) of þ0Á61 to þ1Á53, which also have slightly lower 143 Nd/ 144 Nd and higher 87 Sr/ 86 Sr ( Fig. 13a and b , Table 5 ). In the plot of Nd vs Hf isotopes, the Lahrud samples follow the mantle array and are similar to ocean island basalts (OIB) (Fig. 13b) . The Pb isotope compositions of the Lahrud potassic rocks also show limited variation and plot above the Northern Hemisphere Reference Line (NHRL), as is typical of igneous rocks in and around the Indian Ocean. They are enriched in radiogenic lead isotopes with ranges of 18Á66-18Á76 for 206 Pb ( Fig. 13c  and d) .
Sr-Nd-Pb-Hf ISOTOPES
Overall, the bulk-rock Sr, Nd, Hf, and Pb isotope compositions of the Lahrud potassic rocks suggest a common source (Fig. 13) , notwithstanding the wider range of 87 Sr/ 86 Sr found in clinopyroxene phenocrysts (Fig. 8) .
Exceptions are two olivine-bearing clinopyroxene-phyric and leucite-clinopyroxene-phyric basalts, which suggest an enriched magma source. The Sr-isotopic variation of clinopyroxenes is twice as large (0Á7037-0Á7068) as the entire range in the bulk-rocks (0Á7045-0Á7052). This large variation compares with the range shown by the NW Iran plutons (Fig. 13a) .
DISCUSSION
In the following sections, we use our new data to discuss (1) the meaning of the clinopyroxene compositions, (2) the petrological and geochemical characteristics of the Lahrud potassic lavas, (3) the petrogenetic processes responsible for generating the Eocene Lahrud magmas, and (4) the tectonomagmatic setting in which the Lahrud Eocene potassic magms formed. 
Assessment of clinopyroxene composition
Clinopyroxenes record the evolution of the Lahrud magmas. The trace element compositions of these clinopyroxenes reflect two main factors: the composition of the melts from which they crystallized and crystalchemical effects (e.g. Blundy & Wood, 1994; Adam & Green, 2001 , 2006 . The major element compositions of minerals can control the crystal-chemical effects; that is, the incorporation of trace elements into particular sites in the mineral (Wood & Blundy, 1997) . Furthermore, the abundance of trace elements in melts depends on the preferential release of certain elements from minerals in the mantle (during melt generation) and the crust (e.g. as a result of assimilation) (Marks et al., 2004) . Our results indicate that higher concentrations of Th, Zr, Nb, Y, and REE are found towards the rims of individual clinopyroxene phenocrysts ( Sr (a) for the Lahrud potassic rocks compared with the mantle components HIMU, EM-1, EM-2, DMM (Zindler & Hart, 1986) ; FOZO-1 (Hart & Hauri, 1992) , ITEM (Bell et al., 2004) and CHUR (Chondritic Uniform Reservoir). Ultrapotassic rocks (UPR) from the Eastern and Western Alps and Tuscan and Roman Province fields are from Bell et al. (2013) . Data for Zagros ophiolitic lavas and Cadomian upper and lower crust (U-LC) rocks are from Moghadam et al. (unpublished data) and respectively. Data for Miocene NW Iran and Lhasa ultrapotassic rocks (UPR) are from Moghadam et al. (2014) and Wang et al. (2014) , respectively. Data for Mediterranean ultrapotassic rocks are from Kirchenbaur et al. (2012) . Isotopic data for the sub-continental lithospheric mantle (SCLM) and metasomatized sub-arc mantle (MSAM) are from Xiong et al. (2015) and Xiong et al. (2014) , respectively. Data for NW Iran plutonic rocks are from Aghazadeh et al. (2010 ), Castro et al. (2013 and Shafaii Moghadam et al. (2017b) . References for Alborz, UDMB and central Pontides data are as in Fig. 9 . (b) eHf(t) vs eNd(t) for the Lahrud potassic rocks. MORB and OIB data are from Nowell et al. (1998) , Pearce et al. (1999) , Chauvel & Blichert-Toft (2001) and Woodhead et al. (2001) . Mantle array data are after Vervoort & Blichert-Toft (1999) . The Hf isotope data for Miocene NW Iran ultrapotassic rocks are from Pang et al. (2013) Pb diagrams for the Lahrud potassic lavas. GLOSS, global subducting sediments (Plank & Langmuir, 1998) ; PHEM, primitive helium mantle (Farley et al., 1992) . . This can explain the higher concentrations of incompatible trace elements such as Th, Zr, Nb, Y, and REE towards clinopyroxene rims, and suggests a decrease in magmatic temperature with decreasing Mg# during fractional crystallization (Wood & Blundy, 1997) . The in situ
87
Sr/ 86 Sr ratios of the Lahrud clinopyroxenes vary from 0Á7037 to 0Á7068 (Fig. 8) , which clearly exceeds the range in the bulk-rocks (0Á7045-0Á7052). The most unradiogenic values in the clinopyroxenes and the bulk-rocks are identical, considering the large analytical uncertainty in the in situ clinopyroxene analyses. Two bulk-rock samples have more radiogenic Sr ($0Á7052) than the main population of the Lahrud lavas and the isotopic variation of clinopyroxenes is even wider. These data suggest some crustal assimilation during fractional crystallization, although it did not seriously affect most bulk-rock compositions.
Petrological and geochemical characteristics of the Lahrud potassic lavas Fractional crystallization
Olivine-bearing, clinopyroxene-phyric basalts, analcime-bearing leucite-clinopyroxene-phyric basalts and andesites define continuous geochemical trends in major element variation diagrams, albeit there is some scatter in incompatible elements such as K 2 O (Fig. 14) . To test the role of fractional crystallization, calculations using the MELTS algorithm (Ghiorso et al., 2002) were applied to the most unfractionated clinopyroxene-phyric basaltic sample (LR12-63) using the Adiabat_1ph MELTS Windows interface (Smith & Asimow, 2005) . The MELTS program was run with magma chamber conditions at 0Á1 GPa, nickel-nickel oxide (NNO) oxygen buffer, and an H 2 O-free basis. The results are given in Table 6 and plotted in SiO 2 vs oxide diagrams in Fig. 14 . The calculation results reproduce the fractionation trends of olivine-bearing, clinopyroxene-phyric basalts, analcime-bearing, leucite-clinopyroxene-phyric basalts and andesites for most major elements (Fig. 14) . The major element compositions of the enclaves plot on the trends of MELTS calculated cumulates, indicating cogenesis with the fractionated melts in a shallow magma chamber (0Á1 GPa for the successful MELTS results) (Fig. 14) . The identical isotopic compositions of the lavas and the enclaves support this conclusion (Fig. 13) .
The MELTS results for MgO and CaO show convexdown trends in contrast to the linear trends in the observed olivine-bearing, clinopyroxene-phyric basalts and their derivatives ( Fig. 14d and e) . This suggests that magma mixing and mingling may also have been important in controlling the evolution of these rock suites.
Crustal assimilation is also suggested by the wide variation of SiO 2 for a given fractionation degree in the andesitic suite lavas (Fig. 14g and h ). Assimilation is also suggested by more enriched Sr isotopic composition of an analcime-bearing leucite-clinopyroxene-phyric basalt in contrast to the more depleted compositions of olivinebearing clinopyroxene-phyric basalts (Fig. 13a) and wide variations in clinopyroxene Sr isotope composition (Fig. 8) . Overall, the generally primitive, unfractionated nature of the rocks (Fig. 14) and the homogeneous SrNd-Hf-Pb isotopic compositions of the bulk-rocks (Fig. 13 ) make it unlikely that there was significant crustal assimilation that altered major element compositions.
Notwithstanding the overall fits with the fractional crystallization model for most major elements, the K 2 O contents of each suite show significant variations beyond that predicted by the model, suggesting an important role for mantle source heterogeneity (Fig. 14g ). This will be discussed further below. The geochemical variations of olivine-bearing, clinopyroxene-phyric basalts, analcime-bearing leucite-clinopyroxene-phyric basalts and andesites are reasonably well explained by fractional crystallization in a shallow magma chamber, with further complications owing to crustal assimilation, magma mingling or mixing, and source heterogeneity.
Assimilation-fractional crystallization (AFC)
Assimilation of continental crust during magma ascent and concurrent fractional crystallization (AFC processes) could have affected the geochemical and isotopic composition of the Lahrud lavas. This is suggested by variations in SiO 2 and the contents of some trace elements in the Lahrud potassic lavas. However, inherited zircon cores and zircon xenocrysts are rare in the dated samples (except the ignimbrites), and this argues against intense assimilation of continental crust. One inherited zircon core from a monzo-syenite yields a 206 Pb/ 238 U age of 616 Ma, implying that Cadomian-age crust contributed some material to the magma. The existence of xenocrystic zircons or inherited cores depends on factors such as zircon size, magma temperature and magma chemistry (Watson & Cherniak, 1997; Watson et al., 2006) , and it might be that the hightemperature Lahrud potassic magmas dissolved most of the xenocrystic zircons. However, assimilation of continental crust could be considered as a source of radiogenic Pb and Sr in the Lahrud lavas. Assuming average Pb and Sr concentrations of $17 ppm and 350 ppm, respectively, in continental crust (Taylor & McLennan, 1996; Rudnick & Gao, 2003) (or Pb $12 ppm and Sr $121 ppm in the local Cadomian lower crust of Iran), then unrealistically large amounts of continental material would be required to explain high levels of these elements (mean Pb $18 ppm and Sr $1034 ppm) and the radiogenic Pb and Sr isotope compositions of the Lahrud lavas (considering an enriched 'ambient' mantle source) and even other Mediterranean potassic igneous rocks (Kirchenbaur et al., 2012) , making it unlikely that these high values were reached purely by crustal assimilation.
Plots of clinopyroxene 87 Sr/
86
Sr vs Sr and Th contents ( Fig. 8c and d (Fig. 13a ) and plot within a mixing trend between the mantle array and the Cadomian lower-upper crust (Fig. 13b) . These characteristics show some involvement of crustal materials during magma ascent and pervasive AFC processes. Sample LR12-1 shows even higher 207 Pb/ 204 Pb, further supporting the assimilation of the upper crust by some of the Lahrud potassic magmas. In general, the high Mg# of the Lahrud mafic magmas makes it unlikely that significant crustal contamination or AFC processes occurred.
Magma mingling and homogenization
Complex oscillatory zonation of olivine and clinopyroxenes in the Lahrud rocks can be attributed to mingling between early mafic and fractionated magmas. As shown in Fig. 5 (and Supplementary Data Electronic Appendix 6), phenocrysts of olivine and clinopyroxene indicate a complex magmatic evolution. Magmatic olivines show normal zoning with high-Mg# cores and fractionated rims (Fig. 6a and b) . Olivines from xenolithlike aggregates display high Mg# (90-92) and NiO contents (0Á29-0Á41 wt %), suggesting that they are mantle xenocrysts. In contrast, clinopyroxenes show variations in both major (Fig. 6e and f) and trace elements (Fig. 7) between rim and core, indicating that crystal fractionation, magma chamber recharge and mingling played an important role during the formation of the Lahrud potassic magmas.
The above observations demonstrate that primitive mantle-derived magmas fractionated, forming Mg-rich olivine and clinopyroxene, which are now preserved in crystal cores. However, in analcime-bearing, leuciteclinopyroxene-phyric basalts, even the clinopyroxene cores show complex zoning in terms of Al, Fe and Si (Supplementary Data Electronic Appendix 6d-f). Later, these magmas appear to have mixed with more fractionated magmas to crystallize Fe-rich rims. Early formed Mg-rich minerals were resorbed when new pulses of primary magma mixed with fractionated magmas in a magma chamber and were then rimmed by new minerals crystallized from the mixed magmas (e.g. Fig. 5e or Supplementary Data Electronic Appendix 6a-c). These combined processes can explain the complex zoning in the Lahrud clinopyroxenes, especially variations in their major elements.
Magma genesis and sources: geochemical perspectives
The Lahrud magmas formed in the back-arc region of an active continental margin that was experiencing strong extension. Low degrees of melting of enriched lithospheric mantle (phlogopite-amphibole-bearing clinopyroxenites or amphibole þ phlogopite 6 garnet lherzolites) could be responsible for generating the Lahrud magmas. Enrichment could be provided concurrently by fluids and melts from subducting oceanic slabs or could be a feature of pre-existing mantle before Cenozoic subduction and/or ancient metasomatized lithospheric mantle, as has been suggested for the generation of potassic magmas elsewhere (Ishizuka et al., 2010) . Slab roll-back and subduction of continental lithosphere have been suggested to be responsible for generating ultrapotassic mafic rocks in southern Tibet (e.g. Guo et al., 2013; Guo et al., 2015) . Below we discuss these processes in more detail.
Melting of ancient sub-continental lithospheric mantle?
Melting of old, enriched sub-continental lithospheric mantle (SCLM) can generate potassic magmas that are both enriched in incompatible trace elements and have time-integrated radiogenic isotope compositions. SCLM can be eroded or removed during subduction of an oceanic slab beneath a continent in an active subduction regime, especially in the case of flat subduction, and/or become metasomatized via subduction-related melts. Thus, the role of SCLM in the genesis of some potassic magmas cannot be ruled out (e.g. in Tibet; Williams et al., 2004; Xu et al., 2017) .
The composition and mineralogy of the SCLM can vary and, depending on its mineral modes (e.g. clinopyroxene/phlogopite), can produce melts with variable geochemical-isotopic signatures (Kimura et al., 2018) . Considering the partition coefficients of Sm-Nd for clinopyroxene (D Sm ¼ 0Á42, D Nd ¼ 0Á6) and Rb-Sr for phlogopite (D Rb ¼ 1Á44, D Sr ¼ 0Á038) (Schmidt et al., 1999) in a metasomatized clinopyroxene-phlogopitebearing veined mantle (and/or Lu-Hf for garnet in garnet lherzolites; D Lu ¼ 4Á6, D Hf ¼ 1Á4; Dasgupta et al., 2009; Kirchenbaur et al., 2012) demonstrated that the abundance of Rb-Sr, Sm-Nd, and Lu-Hf in the metasomatized mantle (D Sm /D Nd ¼ 0Á7, D Rb /D Sr ¼ 37Á8 and D Lu /D Hf ¼ 3Á28) will depend strongly on the relative abundances of these minerals (and hence bulk partition coefficients).
Assuming an ancient SCLM veined with clinopyroxene and phlogopite, similar to the Archean subcontinental lithospheric mantle (SCLM) and ancient metasomatized sub-arc mantle (MSAM) xenoliths (with olivine þ clinopyroxene þ phlogopite 6 garnet mineralogy), reported from NE Tibet, China (Xiong et al., 2014 (Xiong et al., , 2015 or MARID (mica þ amphibole þ rutile þ ilmenite þ diopside) cratonic xenoliths (Pearson & Nowell, 2002) , Kirchenbaur et al. (2012) showed that over long residence times, these sources will develop high 87 Sr in Archean SCLM and ancient metasomatized subarc mantle (0Á713-0Á714 and 0Á710-0Á717 respectively; Xiong et al., 2014 Xiong et al., , 2015 . This line of evidence argues against an ancient SCLM as the source of the Lahrud lavas.
Mantle source enrichment and subduction components
The generation of mafic potassic magmas (with high K and high Mg and different degrees of silica saturation or undersaturation) from the Mediterranean and Iran regions has been mostly attributed to partial melting of a subduction-modified mantle source, based on a depleted 'ambient' mantle wedge (e.g. Prelevic et al., 2004 Prelevic et al., , 2005 Prelevic et al., , 2008a Prelevic et al., , 2008b Prelevic et al., , 2010a Ersoy & Helvaci, 2007; Conticelli et al., 2009a; Pe-Piper et al., 2009 ). An alternative possibility is mixing between asthenospheric melts and a subduction-modified mantle lithosphere (e.g. Prelevic et al., 2010a Prelevic et al., , 2010b . Recent studies have shown that partial melts of the subducted eclogite-facies slab can react with the mantle wedge peridotites to yield pyroxenites, as olivine reacts with melt to crystallize pyroxene (Sobolev et al., 2005 (Sobolev et al., , 2007 . Melting of such pyroxenites will in turn generate K-rich magmas with high Ni and SiO 2 , but low MgO contents, compared with melts derived from mantle peridotites (Straub et al., 2008) . Continent-derived, subducted metasediments (metamorphosed in the blueschist facies) contain zoisite-epidote, lawsonite and phengite, which are suggested to be the main repositories of Th and other incompatible elements such as Sr, Rb, U and LREE (e.g. Conticelli et al., 2009a; Tommasini et al., 2011; Guo et al., 2013 Guo et al., , 2015 . Partial melting of a mantle source contaminated by these metamorphosed metasediments (as a melt or in a mé lange), will lead to the generation of high-K magmas.
At convergent margins, the composition of the presubduction mantle wedge (the 'ambient' mantle) can be either enriched or highly depleted. Furthermore, the composition of the mantle wedge can be modified by the addition of subduction-related components such as melts and/or fluids released from the subducting slab (from sediments and/or underlying MORB-type basalts) (e.g. McCulloch & Gamble, 1991; Hawkesworth et al., 1997 ) . Some elements are highly mobile in fluids such as LILE, whereas others such as Th and the LREE are enriched in sediments and can be concentrated in sediment-derived melts.
The nature of the mantle source before modification by subduction-related fluids may be reflected in the NdHf isotope compositions. In a Nd vs Hf isotope diagram, the Lahrud mafic lavas are similar to the mantle source of OIB, suggesting an enriched-mantle source rather than DMM (Fig. 13b) . Mantle enrichment can also be reflected in trace element ratios such as Zr/Nb (Kirchenbaur et al., 2009; Kirchenbaur & Mü nker, 2015) . The Lahrud mafic lavas have low Zr/Nb of $8-20 (except for one sample with a value of $28, and the enclaves, which have Zr/Nb values of >38) (Fig. 15a) . These values are lower than the Zr/Nb ratio of N-MORB ($31) and overlap with the enriched (E-)MORB value of $8Á7. These data further suggest that the presubduction mantle source of the Lahrud potassic mafic rocks was an enriched mantle.
Addition of slab components to an enriched mantle source may have helped to generate the Lahrud potassic mafic magmas. Therefore, we have attempted to assess the effects of sediment þ altered basaltic crustderived fluids (fluid components) and sediment melts (sediment components) on the mantle wedge using SrNd-Hf-Pb isotope compositions and trace element ratios such as La/Yb, Ba/La and Ce/Pb (Fig. 15) . The combination of these geochemical tracers could reflect the selective addition of the fluid and/or sediment components into the mantle wedge (Hawkesworth et al., 1991; Woodhead et al., 1998; Kirchenbaur et al., 2009; Nakamura & Iwamori, 2009; Ishizuka et al., 2010; Straub et al., 2010; Tommasini et al., 2011; Straub & Zellmer, 2012; Kirchenbaur & Mü nker, 2015; Timm et al., 2016; Brandl et al., 2017) .
Constraints on the enrichment of Lahrud mafic magma source can be deduced from plots of Ba/La vs 87 Sr/ 86 Sr, eNd and Ce/Pb (Fig. 15) . The Lahrud lavas have high Ba/La values at a given 87 Sr/ 86 Sr (Fig. 15b ) and eNd (Fig. 15c) , indicating the importance of fluid components during magma genesis. The Ce/Pb ratio is more sensitive to the proportion of sediment melt vs fluid components; subducted sediments will increase Ce/Pb, whereas fluid components will result in low Ce/ Pb (Tatsumi, 2000) . Plots of Ba/La vs Ce/Pb (Fig. 15d) , show the effects of both fluid and sediment components in the mantle source of the Lahrud potassic mafic lavas. The contribution of sediments is also reflected in the high Th/Yb and Ba/Yb ratios ( Fig. 11c and d) . As Hf is fairly immobile in subduction fluids at P and T of 4-6 GPa and <900
C, but La is mobile, the plot of Hf isotope composition versus La/Yb can be a useful tracer (Kessel et al., 2005) . The Lahrud mafic lavas show constant Hf isotope ratios with increasing La/Yb (Fig. 15e) , confirming the inputs of slab fluid into the mantle source. However, the La/Yb ratio might also be related to varying degrees of partial melting of a homogeneous mantle source.
Lead isotopes are good indicators for the contamination of the mantle wedge by subducted sediment melts or fluids, because the abundance of Pb in the primitive mantle is low ($0Á07 ppm, Sun & McDonough, 1989) . Sub-arc mantle displays 207 Pb/ 204 Pb and 206 Pb/ 204 Pb values of 15Á41 and 17Á68, respectively (Straub et al., 2010) , whereas altered oceanic crust (AOC in Fig. 15f Pb ratios of 15Á57 and 19Á1, respectively (Todd et al., 2011) . The concentration of Pb is high in both pelagic and terrigenous (clay-and ash-rich) sediments with radiogenic Pb isotope compositions ( 207 Pb/ 204 Pb of 15Á6-15Á7; Plank & Langmuir, 1998) . The Lahrud mafic rocks have 207 Pb/ 204 Pb ratios of 15Á58-15Á59, suggesting small additions of subducting materials into the mantle wedge. However, two samples show more radiogenic isotopic compositions, which can be related to the assimilation of upper crustal materials (Fig. 15f) .
The enrichment of the mantle-wedge source of the Lahrud mafic magmas can be further illustrated in plots of Ba/Th vs Th and Th/Yb vs Ba/La (Fig. 15g and h ). The Lahrud mafic lavas exhibit both high Th abundances and high Ba/Th. High Th levels are commonly interpreted as reflecting the predominance of a component of subducted pelagic sediments in the magma source, whereas high Ba/Th values highlight the contribution of (2015)]. The fields for Mediterranean shoshonites and Eastern Mediterranean sediments (EMS) are after the Kirchenbaur et al. (2012), JPet and Mü nker (2015) . The compositions of altered oceanic crust (AOC), terrestrial sediments (TS) and pelagic sediments (PS) are from Todd et al. (2011). slab fluids (Kirchenbaur et al., 2009; Kirchenbaur & Mü nker, 2015) . The Th/Yb vs Ba/La plot shows that the Lahrud mafic lavas have high Ba/La and Th/Yb, further supporting the involvement of both melt-and fluid-like components during the enrichment of the 'ambient' mantle wedge. Increasing clinopyroxene Ba, Th, Sr and La/Yb for a given range of 87 Sr/ 86 Sr (Fig. 8 ) may also indicate the contribution of both subduction-related fluids and sediments.
Magma genesis and source conditions; a modeling approach
The major element chemistry of olivine-bearing, clinopyroxene-phyric basalts, analcime-bearing leuciteclinopyroxene-phyric basalts and andesites is best explained by shallow fractional crystallization. However, incompatible trace elements, as indicated by K 2 O above, suggest different, chemically distinct magma sources. Trace elements and isotopic ratios also confirm that melting of an enriched mantle wedge, replenished by slab components, was responsible for the generation of the Lahrud potassic rocks. Multielement plots [normalized to primitive mantle (PM) of (Sun & McDonough, 1989) ] show that there is considerable variation in each suite (Fig. 16) . Olivine-bearing, clinopyroxene-phyric basalts show differing amplitudes of Ba and Sr enrichments and Nb-Ta and Zr-Hf depletions (Fig. 16a) . Analcime-bearing leucite þ clinopyroxene-phyric basalts show almost identical compositions and are similar to the HFSE-undepleted, olivine-bearing, clinopyroxene-phyric basalts (Fig. 16b) . Andesitic lavas comprise two discrete groups, one showing a trace element pattern similar to that of the analcime-bearing, leucite-clinopyroxene-phyric basalts, and the other showing extreme enrichment in Nb-Ta and Zr-Hf (Fig. 16c) .
To explore the source mantle conditions, the two most unfractionated olivine-bearing clinopyroxene-phyric basalts (LR12-59 and LR12-62), one analcime-bearing leucite-clinopyroxene-phyric basalt (LR12-56), and two andesite samples (LR12-6 and LR12-46) were chosen for further examination. Olivine-bearing, clinopyroxenephyric basalts include two end-members, with the most negative HFSE anomalies (LR12-59) and the least negative HFSE anomalies (LR12-62). The andesitic lavas also include moderately enriched HFSE (LR12-6) and enriched-HFSE (LR12-46) types. We used the PRIMACALC2 code for back calculations to reconstruct the primary magma compositions in equilibrium with the upper mantle (Kimura & Ariskin, 2014) . With the calculated primary magma compositions, a forward model using Arc Basalt Simulator version 5 (ABS5) (Kimura, Fig. 16 . Multi-element plot of incompatible trace element compositions of olivine-bearing, clinopyroxene-phyric basalts, analcimebearing, leucite-clinopyroxene-phyric basalts and porphyritic andesites. The most unfractionated lavas, used for primary magma calculations, are shown in color (a-c). Results for primary magmas calculated using the PRIMACALC2 code are shown in (d). Extremely HFSE-depleted, clinopyroxene-phyric basalt and moderately HFSE-depleted clinopyroxene-phyric basalt, leucite-clinopyroxene-phyric basalt, HFSE-enriched andesite and moderately HFSE-enriched andesite are characteristic magma suites used for calculations of primary magmas.
2017) was applied to simulate magma genesis. Details of the calculation codes have been presented by Kimura (2017) and are not described here. The calculation results of PRMACALC2 are given in Table 7 and Fig. 16c . All the estimated primary magma compositions are silicadeficient to silica-saturated basalts, including the primary magmas for the two andesites. This is consistent with the results from fractional crystallization modelling using MELTS. The calculation results of the ABS5 model are shown in Table 8 . Figure 17 shows the modeling of incompatible trace elements for five selected olivine-bearing, clinopyroxene-phyric basaltic, analcime-bearing, leucite-clinopyroxene-phyric basaltic and andesitic primary magmas, and forward calculation results obtained using ABS5. The ABS5 code reproduces the observed primary magma compositions fairly well (see Fig. 17a-e) for the given slab and mantle conditions (Fig. 17f) . Unlike present-day subduction systems, it is hard to reconcile the compositions of the source mantle and subducted 47Á63  47Á68  49Á34  48Á99  51Á28  44Á66  55Á14  47Á71  56Á69  48Á90  TiO 2  0Á73  0Á64  0Á76  0Á65  0Á59  0Á54  0Á80  0Á38  0Á83  0Á41  Al 2 O 3  11Á96  10Á54  14Á58  12Á46  17Á38  13Á71  19Á56  13Á82  18Á42  13Á79  FeO  11Á31  11Á80  10Á11  11Á17  7Á30  16Á90  5Á28  11Á02  4Á18  10Á77  MnO  0Á18  0Á18  0Á18  0Á18  0Á16  0Á19  0Á09  0Á06  0Á12  0Á08  MgO  8Á73  14Á34  5Á81  12Á88  3Á39  12Á72  1Á58  15Á43  1Á00  14Á44  CaO  12Á72  11Á21  9Á06  7Á79  5Á01  3Á98  5Á64  7Á68  2Á36 Sm  5Á35  4Á48  7Á27  5Á84  7Á02  4Á86  6Á02  3Á86  10Á10  6Á94  Zr  47  39  109  88  160  110  204  109  518  299  Hf  1Á35  1Á13  2Á66  2Á14  3Á41  2Á36  4Á42  2Á69  9Á67  6Á37  Eu  1Á59  1Á33  2Á04  1Á64  1Á94  1Á35  1Á75  1Á16  2Á36  1Á68  Gd  4Á90  4Á10  6Á54  5Á26  6Á12  4Á25  5Á26  3Á57  8Á09  5Á91  Tb  0Á63  0Á53  0Á88  0Á71  0Á81  0Á56  0Á72  0Á50  1Á09  0Á81  Dy  3Á26  2Á73  4Á69  3Á77  4Á41  3Á07  4Á07  2Á83  5Á90  4Á43  Y  1 Ho  0Á57  0Á48  0Á85  0Á69  0Á83  0Á58  0Á79  0Á55  1Á12  0Á84  Er  1Á45  1Á22  2Á23  1Á80  2Á24  1Á57  2Á20  1Á51  3Á15  2Á34  Tm  0Á20  0Á17  0Á31  0Á25  0Á33  0Á23  0Á33  0Á22  0Á47  0Á35  Yb  1Á26  1Á06  2Á02  1Á64  2Á20  1Á53  2Á23  1Á48  3Á24  2Á33  Lu  0Á19  0Á16  0Á31  0Á25  0Á34  0Á24  0Á35  0Á23 /Fe (t) is ferric/ total iron ratio in primary magma. H 2 O (wt %) is water in primary magma. T ( C) magma is temperature of primary magma. P (GPa) is melting depth of primary magma calculated by peridotite equilibrium. F% is degree of partial melting in the source mantle. %X-fractionation is crystal fractionation calculated by PRIMACLC2. %X-frac. (MELTS) is crystal fractionation calculated by MELTS. MgO in mantle is MgO wt% in the source mantle. Input is target magma composition; Output is modelled primary magma composition. materials for an ancient subduction system such as Eocene Iran. For the fitting calculations, we used the GLOSS composition for sediment (Plank & Langmuir, 1988) , an average altered oceanic crust composition from the Pacific Plate near the Izu arc (Kelley et al., 2003) , and a primitive mantle composition (Workman & Hart, 2005) for the magma source (Kimura, 2017) . Because of the wide variation in the isotopic composition of the source materials, isotopic mass balance was not examined and only trace element mass balance was examined as has been done elsewhere (Rooney & Deering, 2014) . Because slab melts are required for the genesis of the potassic magmas (Kimura et al., , 2015 , a high-temperature slab geotherm from SW Japan was used for the slab model in ABS5 (Kimura, 2017) .
The ABS5 results indicate that the high-temperature slab geotherm works well for all the magma suites, although their source compositions differ considerably. The extreme HFSE depletions in olivine-bearing clinopyroxene-phyric basalt LR12-59 can originate only from a slab melt derived from a deep, high-temperature slab 103Á7  109Á9  103Á7  109Á0  224Á9  299Á2  Hf  1Á50  1Á13  2Á52  2Á14  2Á80  2Á36  2Á80  2Á69  6Á78  6Á37  Eu  1Á27  1Á33  1Á21  1Á64  1Á36  1Á35  1Á36  1Á16  1Á57  1Á68  Gd  3Á57  4Á10  3Á84  5Á26  4Á02  4Á25  4Á02  3Á57  4Á70  5Á91  Tb  0Á48  0Á53  0Á61  0Á71  0Á59  0Á56  0Á59  0Á50  0Á71  0Á81  Dy  2Á70  2Á73  3Á63  3Á77  3Á30  3Á07  3Á30  2Á83  4Á08  4Á43  Y  1 Ho  0Á50  0Á48  0Á73  0Á69  0Á61  0Á58  0Á61  0Á55  0Á81  0Á84  Er  1Á33  1Á22  2Á00  1Á80  1Á63  1Á57  1Á63  1Á51  2Á20  2Á34  Tm  0Á18  0Á17  0Á28  0Á25  0Á22  0Á23  0Á22  0Á22  0Á30  0Á35  Yb  1Á13  1Á06  1Á69  1Á64  1Á32  1Á53  1Á32  1Á48  1Á83  2Á33  Lu  0Á17  0Á16  0Á25  0Á25  0Á20  0Á24  0Á20  0Á23  0Á28  0Á36   Residual mantle mode   Ol  0Á454  0Á470  0Á486  0Á486  0Á465  Opx  0Á319  0Á305  0Á274  0Á274  0Á306  Cpx  0Á178  0Á183  0Á187  0Á187  0Á187  Gar  0Á021  0Á012  0Á026  0Á026  0Á011  Sp  0Á028  0Á029  0Á027  0Á027  0Á031 Slab P (GPa) is depth of slab melt release. Slab T ss ( C) is slab surface temperature at slab melt release. Fliq(AOC) is slab flux contribution from altered oceanic crust. Fliq(SED) is slab flux contribution from sediment. Fliq(MwP) is slab flux contribution from metasomatized mantle wedge peridotite. P (GPa) is partial melting depth of mantle. T ( C) is temperature at partially molten mantle. % melt depletion is per cent melt depletion from source mantle (PM). Fslb liq.% is fraction of fluxed slab melt. F(%)PERID is degree of partial melting of peridotite. b (%) is beta factor of flux melt fraction
(6 GPa and 1001 C slab surface depth and temperature; Fig. 17f ). Moderately HFSE-depleted, olivine-bearing, clinopyroxene-phyric basaltic (LR12-62), leuciteclinopyroxene-phyric basaltic and andesitic magmas are all calculated to be derived from a shallower and lower temperature portion (3Á0 GPa, 866 C) of the same slab. HFSE-enriched, olivine-bearing clinopyroxene-phyric basalt requires derivation from a slab at intermediate depth and temperature (4Á4 GPa, 942 C). Source mantle composition differs for the HFSEdepleted, olivine-bearing, clinopyroxene-phyric basalt, requiring a 6% melt depleted source from primitive mantle (PM) before melting beneath the Eocene Iran arc, in contrast to 3% melt depleted PM required for other magma suites. The source mantle fertility is calculated based on the mass balance between the slab melts, source mantle, and primary basalt compositions at given melting conditions (Fig. 17a-f) . The overall enriched nature of the source mantle is consistent with the trace element and isotopic constraints given above.
The melting depths of the mantle sources fluxed by the various slab melts are all estimated to be 2Á2 GPa, Fig. 17 . Multi-element plot of incompatible trace elements in primary magmas, compared with ABS5 calculation results. The ABS5 results reproduce well the observed primary magma compositions (a-e). Important controlling factors are shown in Table 8 . Slab P (GPa) is depth of slab melt release; Slab Tss(C) is slab surface temperature at slab melt release; P (GPa) is partial melting depth of mantle; T (C) is temperature of partially molten mantle; % melt depletion is per cent melt depletion from source mantle (PM); Fslb liq.% is fraction of fluxed slab melt; F(%)PERID is degree of partial melting of peridotite.
apart from the HFSE-enriched andesite, at 2Á1 GPa. Melting temperatures of the mantle sources are 1310 C for the HFSE-depleted, olivine-bearing, clinopyroxenephyric basalt, 1300 C for the moderately HFSEdepleted, olivine-bearing, clinopyroxene-phyric basalt, 1270 C for the leucite-clinopyroxene-phyric basalt and andesite, and 1260 C for the HFSE-enriched andesite, showing a decrease in the temperature of the mantle wedge in that order (Fig. 17f) . The fraction of slab melts also decreases in the same order: 5% for the HFSEdepleted, olivine-bearing, clinopyroxene-phyric basalt, 4% for the moderately HFSE-depleted, olivine-bearing clinopyroxene-phyric basalt, and 3% for the leuciteclinopyroxene-phyric basalt and andesite, and increases again to 4% for the HFSE-enriched andesite (Fig. 17f) .
Based on the ABS5 model results, the HFSEdepleted, olivine-bearing, clinopyroxene-phyric basalt originated from a high-temperature melt from a deep and hot slab (6 GPa, 1001 C) and an intensely fluxed (5%) higher temperature mantle wedge (2Á2 GPa, 1310 C). The moderately HFSE-depleted, olivine-bearing, clinopyroxene-phyric basalt reflects a lower temperature slab melt from shallower slab (3 GPa, 866 C) and a less fluxed (4%) lower temperature mantle wedge (2Á2 GPa, 1300 C). Leucite-clinopyroxene-phyric basalt and andesite were derived at source conditions similar to those for the moderately HFSE-depleted, olivinebearing, clinopyroxene-phyric basalt (3 GPa, 866 C) but with a lower-temperature mantle wedge (2Á2 GPa, 1270 C). The HSFE-enriched andesite requires an intermediate depth slab (4Á4 GPa, 942 C) and a shallower, lower temperature mantle wedge (2Á1 GPa, 1260 C). These results suggest that the overall source mantle conditions varied considerably from deeper and hotter to shallower and cooler in the order: HFSE-depleted, olivine-bearing, clinopyroxene-phyric basalt; moderately HFSE-depleted, olivine-bearing, clinopyroxene-phyric basalt; leucite-clinopyroxene-phyric basalt, andesite and HFSE-enriched andesite; although the entire subduction environment appears to have been hot in terms of the high-temperature slab geotherm required for the olivine-bearing, clinopyroxene-phyric basaltic (potassic) magma genesis (Kimura et al., , 2015 . Nevertheless, these primary magmas are all basalts and were generated in a hot subduction environment, which requires a hot slab and mantle wedge.
Geodynamic implications
Two subduction zones or rear-arc magmatism?
There are different geodynamic interpretations of NW Iran, including the Alborz-Iranian Azerbaijan Magmatic Belt. Verdel et al. (2011) proposed that the AAMB and the UDMB are related to a single Neotethyan subduction zone, with the former being the back-arc and the latter the main volcanic arc. This idea was challenged by Brunet et al. (2003) Asiabanha & Foden (2012) , and Ritz et al. (2006) , who suggested formation of back-arc embryonic oceanic lithosphere during the Late Cretaceous and back-arc magmatism during Paleocene-Eocene times in the AAMB. In contrast, Aghazadeh et al. (2011) attributed the UDMB and AAMB arcs to two separate but parallel subduction zones.
Apart from these generalized models, little attention has been paid to the paleotectonic setting of the volcanic activity, especially the paleogeographical position of the arc volcanic front and rear-arc magmatism. The paleotectonic setting of the arc magmatism is important, as it can control processes such as the rate of magma production and magma composition (Tani et al., 2011) . Rear-arc magmas are enriched in LILE and HFSE (Ishikawa & Nakamura, 1994; Churikova et al., 2001; Hochstaedter et al., 2001; Tatsumi et al., 2001) , and may be dominated by bimodal magmatism, compared with the front-arc magmatism (e.g. Hochstaedter et al., 2001) .
Reconstruction of the magmatic front-and rear-arc magmatism in Iran is challenging and a detailed discussion is beyond the scope of this study. Most of the difficulties come from the lack of detailed geochronological data for both along-and across-arc magmatism in Iran and surrounding areas, including NE Anatolia and the Pontides, the oblique subduction of young lithosphere, different convergence rates, time-dependent changes in subduction dip and readjustment in the obliquity angle during subduction of the Neotethyan ocean beneath Iran (Berberian & King, 1981; Agard et al., 2011) . The first magmatic expression of this tectonic activity, as a magmatic front appeared in the SE UDMB, comprises intermediate volcanic and silicic plutonic rocks with UPb ages of $77-83 Ma (Hosseini et al., 2017) . However, late Cretaceous plutons occur in some other parts of Iran, such as NE Iran (Moghadam et al., 2016b) or even in the AAMB, but their occurrence and relationships with the subduction of the Neotethyan Ocean along the Zagros Suture Zone are not yet clear.
The Paleogene (Paleocene-Eocene) magmatic front was in the southern part of the UDMB, $200 km from the oceanic trench (the Zagros Suture Zone or Main Zagros Thrust; Fig. 1 ). The location of the Lahrud potassic rocks is $400 km from the Zagros Suture Zone, and at least $200 km NNE of the presumed magmatic front. This setting, along with a lack of evidence for major tectonic offset during Arabia-Eurasia collision during the Miocene, suggests that the Lahrud potassic rocks (or the AAMB) originated in a rear-arc setting. The Paleogene rear-arc volcanism in the AAMB was active over a wide area 200 to >400 km NE of the volcanic front, whereas the Miocene-Quaternary rear-arc magmatism is limited to an area $100 km from the front. This change probably may be attributed to the steepening of the slab, which occurred from $25 Ma onward (Mouthereau et al., 2012) . Most of the leucite-and/or analcime-bearing Eocene basalts occur in a rear-arc position, from $50 km (in the SE UDMB) to $200 km (in the AAMB) away from the presumed magmatic front (Fig. 1) . There is a systematic geochemical change from UDMB frontal (points 3 and 4 in Fig. 1a ) to rear-arc (points 1 and 2 in Fig. 1a ) magmatism in a K 2 O vs SiO 2 plot; most frontal-arc Cenozoic lavas show calc-alkaline signatures, whereas rear-arc rocks tend to have shoshonitic and ultrapotassic characters.
Tectonomagmatic perspective
There are various models for the genesis of potassic magmatic rocks in the Mediterranean and Iranian segments of the Tethyan domain. These models include emplacement of late Cretaceous to Eocene potassic rocks in a subduction-related setting and/or even in a post-collisional regime, and generation of OligoceneMiocene magmatism in a post-collisional environment. Contributions from the subducting slab (both fluid and sediments) þ mantle wedge, SCLM and even asthenospheric mantle via slab tearing have also been suggested (e.g. Altherr et al., 2004 Altherr et al., , 2008 Conticelli et al., 2009a; Prelevic et al., 2010b Prelevic et al., , 2012 Prelevic et al., , 2015 Akal et al., 2013; Pe-Piper et al., 2014; Aghazadeh et al., 2015; Gulmez et al., 2016 , among others) . As the collision is suggested to have begun between $20 Ma (McQuarrie & van Hinsbergen, 2013) and $34 Ma (Mouthereau et al., 2012) in Iran, the Lahrud and other Eocene potassic rocks should be related to a subduction regime.
The long period between the beginning of collision and the final closure is interpreted to mirror a switch from underthrusting of the stretched Arabian continental margin to the initiation of crustal thickening in association with accumulation and folding of the Arabian sediments (Ballato et al., 2011; Mouthereau et al., 2012; Ballato et al., 2015) . In our model, slab retreat led to a catastrophic phase of extension during the Eocene, a situation that dominated in nearly all parts of Iran and caused a magmatic 'flare-up', a high rate of magma generation and ignition of the lithospheric keel of Iran (Verdel et al., 2011) . The convective thinning of the Iranian lithosphere was a further response to extension. As the Neotethyan subduction was prevailing beneath Iran during the Eocene, the subducting slab continued to melt and the slab melts were being added to a hot mantle wedge.
The extension in the Iranian lithosphere led to the ascent of convecting (asthenosphere) mantle into the mantle wedge (or wedge corner). The ascending hot juvenile mantle promoted heating and erosion of the metasomatized mantle wedge, which was dragged along in the upwelling limb of the flow (changing from garnet to spinel facies; Fig. 18a and b) , which induced adiabatic decompression melting. Melting of a fluxed mantle wedge was associated with high-temperature melts from a deep and hot slab, induced by the intrusion of hot mantle asthenosphere owing to the slab retreat. These processes combined to produce potassic mafic magmas enriched in incompatible elements (Fig. 18c) . Similar processes were proposed for the generation of shoshonitic basalts in the SW Japan arc after opening of the Sea of Japan back-arc basin, but with a limited amount of potassic magmatism (Kimura et al., , 2015 .
Extension could have started in early to midCretaceous times, leading to exhumation of deep crustal rocks in central Iran (Verdel et al., 2007) , exhumation of blueschists in the southern Zagros (Shafaii Moghadam et al., 2017a) and subsequently extension along the southern margin of Eurasia and the formation of fore-arc oceanic lithosphere (the Zagros ophiolites) and a series of back-arc basins during the late Cretaceous . The initiation of extension is suggested to have occurred in the early to mid-Cretaceous (Verdel et al., 2007) , but was further intensified during the Eocene as the result of slab rollback and retreat (MoRitz et al., 2006; Mouthereau et al., 2012) . The extension led to a magmatic 'flare-up', corecomplex formation and even fore-arc rifting. The forearc rifting is marked by the emplacement of $40 Ma (zircon U-Pb ages, unpublished data) mafic and silicic plutons and the occurrence of thick sequences of Eocene pillow lavas in the Kermanshah ophiolite.
CONCLUSIONS
Potassic magmas erupted at $37 Ma (late Eocene) in the Lahrud area (NW Iran) and differ from younger (late Miocene, 11 Ma) ultrapotassic rocks in NW Iran. The Lahrud rocks experienced complex fractional crystallization, magma mingling and homogenization, and some AFC processes. The combined geochemical, isotopic and age data for the potassic rocks in NW Iran indicate magma genesis in a mantle wedge metasomatized by both fluids and sediment melts from subducted Neotethyan oceanic crust. Hf isotopic data in association with trace element ratios such as Zr/Nb indicate an enriched mantle source, whereas whole-rock isotopes and elemental ratios such as Ba/La, Th/Yb and Ba/Th show the involvement of both subducted sediments and fluids in the genesis of the Lahrud potassic magmas. Slab retreat and upper-plate extension, partial melting of the subducting slab and a fluxed hightemperature metasomatized mantle wedge during the late Eocene led to the generation and eruption of the Lahrud potassic magmas in a back-arc setting, behind the Urumieh-Dokhtar arc. The results imply that the generation of the Lahrud potassic rocks pre-dated the initiation of collision between Arabia and Eurasia, which is suggested to have started at $34 Ma.
The external precision of the Sr-Nd-Hf measurements was further assessed by multiple digestions of six selected samples and three replicate analyses were carried out for Pb isotopes. External precision (2RSD) for the replicates was better than 30 ppm for 87 Sr/
